Metaphase chromosomes are visible hallmarks of mitosis, yet our understanding of their structure and of the forces shaping them is rudimentary. Phosphorylation of histone H3 serine 10 (H3 S10) by Aurora B kinase is a signature event of mitosis, but its function in chromatin condensation is unclear. Using genetically encoded ultraviolet light-inducible cross-linkers, we monitored protein-protein interactions with spatiotemporal resolution in living yeast to identify the molecular details of the pathway downstream of H3 S10 phosphorylation. This modification leads to the recruitment of the histone deacetylase Hst2p that subsequently removes an acetyl group from histone H4 lysine 16, freeing the H4 tail to interact with the surface of neighboring nucleosomes and promoting fiber condensation. This cascade of events provides a condensin-independent driving force of chromatin hypercondensation during mitosis.
M
etaphase chromosome condensation requires the condensin complex, but additional factors must exist because compaction still occurs when condensin is disrupted (1, 2) . Phosphorylation of histone H3 Ser 10 (H3 S10) by the kinase Aurora B-an event that correlates with mitosis in all organisms (3)-drives hypercondensation of an artificially elongated chromosome during anaphase of budding yeast (4) , which suggests that histone tail modifications may influence chromosome condensation. In vitro, the flexible N-terminal domains of the core histones mediate the condensation of arrays of nucleosome core particles upon addition of Mg 2+ ions. Acetylation of histone H4 Lys 16 (H4 K16) counteracts this process (5, 6) , but phosphorylation of H3 S10 has no effect (7) . The N terminus of histone H4 contacts the negatively charged, "acidic" patch formed by the H2A-H2B dimer interface on the surface of a neighboring nucleosome. This interaction is critical for the formation of higher-order chromatin structures (5, 8) and has been trapped by the formation of disulfide bridges between suitably installed cysteines (9, 10) . These observations correlate with defects in the formation of heterochromatin-like structures in yeast caused by mutations in H4 K16 (11, 12) . However, all evidence that this interaction mediates chromosome condensation during mitosis is indirect. Here, we inserted the ultraviolet light (UV)-inducible cross-linker amino acid p-benzoyl-Lphenylalanine (pBPA) in histone proteins of living yeast, using genetic code expansion (13, 14) to trace the dynamic interactions of these proteins along the cell cycle. We expressed Escherichia coli Tyr-tRNA CUA and its cognate pBPA-specific tRNA synthetase in Saccharomyces cerevisiae cells (15) , leading to the incorporation of pBPA in response to amber codons in an additional, plasmid-borne histone H2A gene [tagged with hemagglutinin (HA) and under its native promoter]. Depending on the presence of pBPA in the medium, these cells produce an additional small amount (~10%) of the histone containing pBPA at the encoded site ( fig. S1 ). We introduced amber codons at positions 57 to 67, 91, and 92 of S. cerevisiae histone H2A, which are close to the H4 tail in the crystal structure (16) . Cells were irradiated with UV to induce cross-link formation, giving rise to complex but reproducible banding patterns depending on the site of pBPA incorporation ( fig. S2 ). We observed a cross-link product of~30 kD when pBPA replaced Tyr 58 (Y58), Ala 61 (A61), or Glu 65 (E65) of H2A, which would match the size of HA-tagged H2A cross-linked to H4 (asterisks in fig. S2 ). Such a cross-link product was readily detected with antibodies to H4 (anti-H4) in acid extracts of isolated nuclei (Fig. 1A) . This band comigrated with the crosslink product detected with antibodies to HA (anti-HA) when analyzed on the same Western blot (Fig. 1B) . Deletions in the H4 tail, especially when H4 K16 was affected, strongly diminished cross-linking (Figs. 1C and 2C ). Finally, immunoprecipitation of the cross-link products with anti-HA revealed an H4 cross-reactive band at the expected molecular weight (Fig. 1D) . Thus, these experiments identify a cross-link product between H4 and the acidic patch of H2A in vivo. Surprisingly, the H2A-H4 cross-link is of relatively low abundance compared to other cross-link products. However, cross-linking efficiency is influenced by the chemical environment and may not reflect the relative abundance of different interactions. Accordingly, reconstituted arrays containing pBPA produced the same cross-link-which depended on salt-induced array condensation-with similar efficiency (fig. S3) ; hence, even under optimal conditions, only a minor fraction formed cross-links. The H2A-H4 interaction showed a strong dependence on cell cycle stage, with a maximum in M phase (40 to 80 min) coinciding with phosphorylation of H3 S10 (3) (Fig. 2A) . H4 K16ac is predominant in S phase (20 min and 100 min) and lowest during M phase, anticorrelating with the intensity of the H2A-H4 cross-link. This indicates that the H2A-H4 interaction, modulated by the acetylation of H4 K16, may contribute to chromatin condensation in vivo. We observed the same cell cycle-dependent behavior of the crosslink product with anti-H4 in acid extracts of isolated nuclei (Fig. 2B) .
The interaction of the H4 N terminus with the acidic patch is prevented by acetylation of Lys 16 in vitro (5, 6) . We therefore tested strains with mutations in the N-terminal tail of H4 for their ability to produce a H2A-H4 cross-link ( Fig. 2C  and fig. S4 ). H4 K16A strongly reduced crosslink formation, in agreement with its effect on the compaction of reconstituted chromatin arrays (5). H4 K16Q had a less pronounced impact, suggesting that glutamine is not a good mimic of acetyl-lysine in this context. In asynchronous H4 K16R cells, where acetylation is prevented, the interaction was not affected, but in synchronized cells we observed that the H2A-H4 cross-linking efficiency no longer cycled (Fig. 2D ). This suggests that H4 K16 acetylation is a key regulator of chromatin condensation in mitosis.
H3 S10 phosphorylation by Aurora B is a marker of mitosis, but it is unknown whether and how it contributes to chromatin condensation (3). Cells with a H3 S10A mutation showed substantially reduced H2A-H4 cross-linking efficiency, whereas a phospho-mimetic S10D mutation had no effect (Fig. 3A) . H4 K16 acetylation anticorrelated with S10 phosphorylation, indicating that the latter acts upstream of H4 K16 deacetylation. In whole-cell lysates of synchronized H3 S10A cells, we found that these defects persist throughout the cell cycle (Fig. 3B) . We confirmed these observations by quantifying the abundance of the H2A-H4 cross-link with anti-H4 in a synchronization experiment in which we acid-extracted the histones from isolated nuclei (dotted line in Fig. 3B , lower right; Western blots in fig. S5 ). In H3 S10D mutants, H4 K16 reacetylation was delayed after mitosis (20-to 60-min time points in Fig. 3B) ; fluorescence-activated cell sorter (FACS) analysis showed that these cells have difficulties exiting mitosis after release from nocodazole ( fig.  S6) . Hence, the dynamics of these posttranslational modifications must be correctly synchronized to ensure timely formation of the H2A-H4 interaction. AT3A mutation or deletion of four or more residues from the N terminus of H3 greatly diminished H2A-H4 cross-linking efficiency, whereas a phospho-mimetic T3D mutation had no effect (Fig. 3A and fig. S7 ), indicating that phosphorylation of this residue is also involved in the pathway. In fission yeast and vertebrates, phosphorylation of H3 T3 by Haspin kinase recruits the chromosomal passenger complex (CPC), including Aurora B, to the H3 tail to phosphorylate H3 S10 (17) (18) (19) . Indeed, deletion of both Haspin kinase homologs (alk1/2D) attenuated H3 S10 phosphorylation and produced the same downstream effects as a H3 S10A mutation (Fig. 3A) .
These findings imply that phosphorylated H3 mediates recruitment of a H4 K16 deacetylase. Indeed, strains deleted for the SIR2 homolog HST2 were unable to deacetylate H4 K16 and to form the H2A-H4 interaction, although H3 S10 phosphorylation was unaffected (Fig. 3A) . Neither H4 K16ac nor the H2A-H4 interaction showed any dependence on the cell cycle in the absence of Hst2p (Fig. 3B) . Hence, H3 S10 phosphorylation is required, directly or indirectly, to recruit Hst2p to condensing chromatin. Accordingly, pull-down experiments with synthetic H3 peptides phosphorylated at Ser 10 efficiently recovered Hst2p but not Sir2p from whole-cell extracts, relative to a nonphosphorylated control (Fig. 3C) .
To test whether Hst2p and H4 K16 deacetylation stimulate chromatin condensation in mitosis, we asked whether Hst2p supports the condensation of the long compound chromosome LC(XII:IV) cen12∆, which hypercondenses in anaphase in an Aurora B-and H3 S10-dependent manner (4). Hypercondensation is detected by the shortening of the distance between the fluorescently tagged loci TRP1 and LYS4 (Fig. 4A) on LC(XII:IV)cen12∆ during late anaphase. Both HST2 inactivation and the H3 S10A mutation impaired this process to the same extent, either alone or in combination (Fig. 4B) . Thus, Hst2p indeed acts in the same pathway as H3 S10 to promote chromosome condensation during mitosis.
Taken together, our results indicate that during early mitosis, phosphorylation of H3 T3 by Haspin and subsequently of H3 S10 by CPC controls the recruitment of the deacetylase Hst2p to nucleosomes and the deacetylation of Lys 16 on H4. As a consequence, the tail of H4 starts interacting with neighboring nucleosomes, promoting chromatin condensation (fig. S8 ). The recruitment of the CPC by Haspin kinase phosphorylation of H3 T3 has been demonstrated in other organisms (17) (18) (19) . CPC localization to centromeres was recently shown to be independent of Haspin in S. cerevisiae (20) . This may indicate that in this organism, different recruitment mechanisms exist between centromeres and chromosome arms. Unlike in most other organisms (21) (22) (23) , mutation of H3 S10 does not cause obvious growth defects in yeast (24) , but it impairs the ability of fitting the condensation state of chromosomes to spindle length through "adaptive hypercondensation" (4) . Because budding yeast chromosomes are short, this process is probably not essential for chromosome segregation during most mitoses.
The pathway described here is likely to be more important in higher eukaryotes. Condensation of chromosomes in the absence of condensin has been observed in many different cell types. For example, chicken DT40 cells lacking condensin are able to condense chromatin by an activity termed "regulator of chromosome architecture" Fig. 3 . Phosphorylation of H3 S10 recruits Hst2p to deacetylate H4 K16 and induce the H2A-H4 interaction. (A) Yeasts mutated in H3 and producing H2A-HA Y58pBPA were arrested with nocodazole and irradiated with UV; acid extracts of isolated nuclei were analyzed by Western blot with the indicated antibodies. (B) Mutant yeasts producing H2A-HA Y58pBPA were synchronized with nocodazole and treated as in Fig. 1C . An identical analysis of acid-extracted nuclei that used anti-H4 to detect the H2A-H4 cross-link is shown by a dotted line in the graph at lower right (Western blots in fig. S5 ). Data are means T SD (n = 3). (C) Whole-cell extracts from BY4741 cells genomically tagged with green fluorescent protein (GFP) were incubated with immobilized H3 peptides with or without phosphorylated S10. Eluates were analyzed by Western blot using anti-GFP. (RCA), which is negatively regulated by protein phosphatase 1 (PP1) (25) . We postulate that RCA entails the interaction of the H4 tail with neighboring nucleosomes and that PP1 counteracts this process by dephosphorylating H3 S10, a known substrate of this enzyme (26) . We therefore propose that, together with condensin, the signaling cascade we identified is a conserved mechanism for shaping mitotic chromosomes. The bacterial clustered regularly interspaced short palindromic repeats (CRISPR)-Cas9 system for genome editing has greatly expanded the toolbox for mammalian genetics, enabling the rapid generation of isogenic cell lines and mice with modified alleles. Here, we describe a pooled, loss-of-function genetic screening approach suitable for both positive and negative selection that uses a genome-scale lentiviral single-guide RNA (sgRNA) library. sgRNA expression cassettes were stably integrated into the genome, which enabled a complex mutant pool to be tracked by massively parallel sequencing. We used a library containing 73,000 sgRNAs to generate knockout collections and performed screens in two human cell lines. A screen for resistance to the nucleotide analog 6-thioguanine identified all expected members of the DNA mismatch repair pathway, whereas another for the DNA topoisomerase II (TOP2A) poison etoposide identified TOP2A, as expected, and also cyclin-dependent kinase 6, CDK6. A negative selection screen for essential genes identified numerous gene sets corresponding to fundamental processes. Last, we show that sgRNA efficiency is associated with specific sequence motifs, enabling the prediction of more effective sgRNAs. Collectively, these results establish Cas9/sgRNA screens as a powerful tool for systematic genetic analysis in mammalian cells.
Genetic Screens in Human Cells Using the CRISPR-Cas9 System
A critical need in biology is the ability to efficiently identify the set of genes underlying a cellular process. In microorganisms, powerful methods allow systematic loss-of-function genetic screening (1, 2) . In mammalian cells, however, current screening methods fall shortprimarily because of the difficulty of inactivating both copies of a gene in a diploid mammalian cell. Insertional mutagenesis screens in cell lines that are near-haploid or carry Blm mutations, which cause frequent somatic crossingover, have proven powerful but are not applicable to most cell lines and suffer from integration biases of the insertion vectors (3, 4) . The primary solution has been to target mRNAs with RNA interference (RNAi) (5-9). However, this approach is also imperfect because it only partially suppresses target gene levels and can have offtarget effects on other mRNAs, resulting in false negative and false positive results (10) (11) (12) . Thus, there remains an unmet need for an efficient, large-scale, loss-of-function screening method in mammalian cells.
Recently, the clustered regularly interspaced short palindromic repeats (CRISPR) pathway, which functions as an adaptive immune system in bacteria (13) , has been co-opted to engineer mammalian genomes in an efficient manner (14) (15) (16) . In this two-component system, a single-guide RNA (sgRNA) directs the Cas9 nuclease to cause double-stranded cleavage of matching target DNA sequences (17) . In contrast to previous genomeediting techniques, such as zinc-finger nucleases and transcription activator-like effector nucleases (TALENs), the target specificity of CRISPR-Cas9 is dictated by a 20-base pair (bp) sequence at the 5′ end of the sgRNA, allowing for much greater ease of construction of knockout reagents. Mutant cells lines and mice bearing multiple modified alleles can be generated with this technology (18, 19) .
We set out to explore the feasibility of using the CRISPR-Cas9 system to perform large-scale, loss-of-function screens in mammalian cells. The idea was to use a pool of sgRNA-expressing lentivirus to generate a library of knockout cells that could be screened under both positive and negative selection. Each sgRNA would serve as a distinct DNA barcode that can be used to count the number of cells carrying it by using high-throughput sequencing (Fig. 1A) . Pooled screening requires that single-copy sgRNA integrants are sufficient to induce efficient cleavage of both copies of a targeted locus. This contrasts with the high expression of sgRNAs achieved through transfection that is typically used to engineer a specific genomic change by using the CRISPR-Cas9 system.
We first tested the concept in the near-haploid, human KBM7 CML cell line by creating a clonal derivative expressing the Cas9 nuclease (with a FLAG-tag at its N terminus) under a doxycyclineinducible promoter (Fig. 1B) . Transduction of these cells at low multiplicity of infection (MOI) with a lentivirus expressing a sgRNA targeting the endogenous AAVS1 locus revealed substan-
